INTRODUCTION
Transition metal phosphides (TMPs) are studied in catalytic and energy-storage fields, such as electro-catalytic hydrogen evolution reaction and other catalytic reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] . The surface of the phosphides can be oxidized when a certain voltage is applied in an alkaline environment in accompany with the acquisition and loss of electrons. This feature makes the TMPs suitable for oxygen evolution reaction (OER) [10, 11] , as well as supercapacitors [12] [13] [14] . Among them, the supercapacitors have excellent stability and long service life, and thus receive much attention in the field of energy storage [15] [16] [17] [18] . The exploration of suitable electrode materials is key to the field. Usually, the electrode can give high mass capacitance at low loading of active materials, thus leading to lower area capacitance. An increase in loading of active materials can improve the area capacitance to some extent, but usually results in the decease of mass capacitance because thick coating is not favorable for the access and transfer of electrolytes. A suitable electrode should have easy access, accommodation and transfer of electrolyte at high loading and good conductivity for electrons, thus to balance the mass and area capacitance.
As a kind of pseudocapacitor materials, the TMPs have a higher specific capacitance in comparison with the traditional carbon-based double layer capacitors [19] [20] [21] [22] . Especially, the TMPs have better electrical conductivity [23] compared with corresponding oxides, which makes it a new growth point in the energy-storage field [24, 25] . Researchers pay much attention to the synthesis of phosphide [26] [27] [28] [29] [30] [31] [32] [33] [34] . The phosphide nanowires [26] , nanoparticles [27, 28] and nanosheets [29, 30] are suitable for supercapacitor. The Ni 2 P particles delivered a specific capacitance of 581 F g −1 at 1 A g −1 [31] . The CoP nanowire electrode exhibited a specific capacitance of 558 F g −1
at 1 A g −1 [32] . Especially, the porous NiCoP sheets have shown a high specific capacitance of 1,206 F g −1 (1 A g −1 ), superior to NiCo hydroxide (566 F g −1 ) [13] . Nevertheless, the powder materials should be "adhered" to the current collector by binders [35] [36] [37] [38] which reduce the loading amount of active species, but are not favorable for effective contact of active materials with current collectors [39] . All the factors are detrimental to the applications of the materials. The self-supported electrode [40] is binderfree, and has good contact between the active material and current collector [41] , which is convenient and conducive to improve the performance of electrode. In this regard, the Ni 2 P nanosheets [42] and NiCoP array have grown on Ni foams (NF) [43] . Three-dimensional CoP nanowire arrays on carbon cloth have shown a specific capacitance of 0.5713 F cm −2 at 1 mA cm −2 [44] .
The nanowalls are suitable for supercapacitors due to the suitable space surrounded by adjacent walls for the effective contact with electrolytes, such as Na 0.5 MnO 2 (366 F g −1 ) [45] , MoS 2 /carbon (235 mA h g −1
) [46] , and MnO 2 (150 mA h g −1 ) [47] . The key is the growth of a NiCoOH nanowall precursor on NF through a sodium acetate (NaAc)-assisted hydrothermal process. The NaAc can hydrolyze under suitable temperature to release OH -.
The OH -reacts with Ni and Co precursors to support the NiCoOH nanowalls on NFs. The unique kinetics of releasing OH -in NaAc system is important for the formation of nanowall structure. Previously, the NiCoOH precursor was obtained by using ammonium fluoride as an additive [44] . The residual F − is a potentially harmful contaminant [48] . Also, most of above strategies produce electrode with less loading of TMPs [49] (1.7 mg cm −2
[50], total device approximately 3.4 mg cm −2 [51] ). The low loading is unfavorable for a higher area capacitance. In contrast, the TMPs nanowalls here have high loading about 8.6 mg cm −2
. The electrode has plenty of pores beneficial for ion transport [52] [53] [54] , the nanowalls for easy access and accommodation of electrolyte, and the good conductivity of NiCoP for easy transport of electrons. As expected, the NiCo-P/NF exhibits good electrochemical performance of 1,861 F g −1 at 1 A g −1 , high rate performance of 1,070 F g −1 at 10 A g −1 , and large area capacitance of 17.31 F cm −2 at 5 mA cm −2 . The performance is higher than those of some oxides and most reported pseudocapacitance materials. Asymmetric supercapacitors (ASC) assembled with NiCo-P/NF as a positive electrode and active carbon (AC) as a negative electrode can easily drive small devices, such as fans, electronic watch and LED lamps, implying their potential for practical application. The growth of NiCoP nanowalls on NF (NiCo-P/NF) To prepare NiCoP nanowalls, the NaH 2 PO 2 (P source) and NiCoOH/NF were placed on two boats respectively. The boats were placed in a tube furnace with the NaH 2 PO 2 in the upstream part. The furnace was heated at 300°C for 2 h under N 2 atmosphere to obtain the phosphatized products (named NiCo-P-6/NF). The product was ultrasonically cleaned for one minute and washed with DI water and ethanol several times and finally dried at 60°C in an oven. O were denoted as NiCoOH-4/NF and NiCoOH-8/NF, respectively. Correspondingly, the NiCoP-4/NF and NiCoP-6/NF were obtained by the phosphorization, which were labelled as NiCo-P-4/NF and NiCo-P-8/NF, respectively. The self-supported electrodes were also prepared by only use of Ni(NO 3 ) 2 ·6H 2 O or Co(NO 3 ) 2 ·6H 2 O, which were labelled as Ni-P/NF and Co-P/NF, respectively. Other parameters were same with that of NiCo-P-6/NF.
EXPERIMENTAL SECTION

Materials and chemicals
Materials characterization
The X-ray powder diffraction (XRD) patterns were collected on Bruker D8 Focus (Cu Kα radiation, λ=1.5406 Å) with accelerating voltage (40 kV). The transmission electron microscopy (TEM, JEM-2100, 200 kV) and scanning electron microscopy (SEM, Hitachi S-4800, 5 kV) were used to characterize the morphology and size of the samples. X-ray photoelectron spectroscopy (XPS) was performed on VG ESCALAB MK II using an Mg Kα (1,253.6 eV) achromatic X-ray radiation.
Electrode preparation and electrochemical tests
The performance of the electrode was firstly evaluated in a three-electrode test system, with KOH (2 mol L −1 ) as the electrolyte, 1×1 cm 2 supported NF as the working electrode, platinum electrode (1×1 cm 2 ) as the counter electrode, Hg/HgO electrode as the reference electrode. The electrochemical capacitance (C) of the electrodes was evaluated by the following equations: C m =IΔt/mΔV and C S =IΔt/SΔV (1), where I, Δt and ΔV represent the applied current, discharge time, and operating voltage window, respectively. The m and S represent the mass of the active materials and active electrode area, respectively.
Following the three-electrode test, we assembled a button cell to test the two-electrode performance. Especially, the as-prepared NiCo-P-6/NF was used directly as the positive electrode. For the negative electrode, the AC powder, acetylene black and polytetrafluoroethylene (PTFE) were weighed and dispersed in an appropriate amount of solvent in a mass ratio of 9:0.5:0.5 and then uniformly coated on a foamed nickel substrate. The NKK membrane was used as a separator and the 2 mol L −1 KOH aqueous solution was used as the electrolyte. A piece of NKK was carefully placed between the positive and negative electrodes. After being pressed, the asymmetric supercapacitor was assembled.
During the assembly of button cell, the charge balance q + =q − (q=C×ΔV×m) of positive and negative electrodes was adjusted by controlling the loading amount of the AC using the following relationship: m
, and ΔV + were the corresponding mass of active components, mass specific capacitance, and potential window of NiCo-P-6/NF during the galvanostatic charge-discharge (GCD) operation, respectively. The m − , C − , and ΔV − are those for the AC. The negative AC loading is about 26 mg cm −2 , which is calculated based on the conditions of the positive electrode materials (loading mass m, and ΔV at 1 A g −1 ). The energy density (E) and the power density (P) were estimated from galvanostatic discharge by using the following formula: E=0.5C×ΔV 2 (3) and P=E/Δt (4).
RESULTS AND DISCUSSION
The formation of NiCo-P/NF is illustrated in Fig. 1 Fig. S1 . Detailed experimental procedures and parameters are listed in Table S1 . The structure information of typical samples, NiCo-P-6/NF and corresponding NiCoOH-6/NF pre- cursor, is given by XRD, TEM and SEM (Fig. 2a) . After NaAc-assisted hydrothermal reaction, the diffraction peaks of precursors located at 33.7°, 35.2°and 59.6°are assigned to (110), (111), (300) plane of hydroxide precursor (JCPDS No. 22-0444), respectively, besides the strong diffraction peaks of Ni foam substrate (~44.6°and 52.5°) [29] . The SEM images of NiCoOH/NF (Fig. 2b,  Fig. S2a) show a 3D grid of NiCo-precursor nanowalls densely interconnected on the NF. The NiCo-precursor nanowalls have smooth surfaces as shown in Fig. 2d . Fig. 2e , f indicate that the sheets are composed of many thin slices. The NiCoOH is a suitable precursor of NiCoP by controllable phosphorization. The sample after phosphorization with NaH 2 PO 2 as P source shows the diffraction peaks at 41.0°, 44.9°and 47.6° (Fig. 2a) , corresponding to (111), (201), (210) plane of NiCoP (JCPDS No. 71-2336), respectively. The XRD patterns confirm the transformation of NiCoOH precursor into NiCoP. After phosphorization, the retained nanowalls suggest the surface of Ni foam is uniformly covered by vertically aligned NiCoP nanowalls (Fig. S2b) . From the enlarged images in Fig. 2c , NiCoP nanosheets are interconnected to form a 3D network-like structure with plenty of spaces.
The space surrounded by nanowall can accommodate electrolytes, thus making a contact of active species with electrolytes for the Faradic process. However, the NiCoP nanowalls have rough surface and are composed of interconnected nanoparticles, different from the smooth surface of original NiCoOH precursors. The formation of pores is due to the release of gas during the calcination. It is known that the pores can provide a diffusion path and expose many active sites for fast and electron transfer. The HRTEM image (Fig. 2i) shows the lattice spacing of 0.22 nm, corresponding to (111) plane of NiCoP, and 0.21 nm corresponding to (201) plane of NiCoP. These results prove that the NiCoOH nanowalls are converted into NiCoP nanowalls.
The formation of nanowalls is due to the use of NaAc as alkaline source which is a "weak acid-strong base" salt. formed. Nevertheless, the density of nanowalls can be affected by the total concentration. The nanowalls become compact with the increases of concentration, and vice versa (Fig. S4 ) [47] . After the controllable phosphorization, the NiCoP with similar structure to precursor can be formed. It is proposed that too dense walls limit the access of electrolytes, while sparse walls are not favorable to accommodate the electrolyte in limited space. Both conditions are not conducive for effective energystorage. Therefore, the proper coverage is important for the use of nanowalls as the electrode materials. We found that Co or Ni salts in the synthesis can give random sheet-like structure rather than nanowalls. Moreover, the rough surface for Ni-P/NF is similar to that of NiCo-P-6/ NF, while smooth surface for Co-P/NF is different from the NiCo-P-6/NF. The results show that we can regulate the microstructures of NiCo-P/NFs and further the energy-storage performance of other materials. XPS was conducted to analyze the compositions and elements valence states of the samples. The survey spectrum of NiCoOH/NF shows the presence of Ni, Co, and O 1s peaks. After the phosphoration, the P peak can be observed besides the Ni 2p, Co 2p and O peaks (Fig. 3a) , indicating the precursor is converted into NiCoP. The presence of O is due to slight oxidation of phosphide under air [3] . Fig. 3b shows the high-resolution spectrum of Ni 2p of NiCoOH/NF, which can be fitted by two satellites (marked as "Sat.") and two spin-orbits, and can be assigned to Ni 2+ and Ni
3+
. The Ni 0 is from the NF substrate. The precursors are grown sub-vertically along the NF plane, rather than parallel growth. The space surrounded by nanowalls allows the access of X-rays for detecting the Ni 0 from the NF substrate. There are two kinds of Co species and two spin-orbits in the high-resolution XPS spectrum of Co 2p (Fig. 3c) , which can be indexed to Co 2+ and Co 3+ in the NiCoOH precursors. The results are consistent with the XRD pattern. For NiCo-P-6/NF, the Ni 2p XPS (Fig. 3d) can be attributed to Ni The Co 2p spectrum of NiCo-P-6/NF (Fig. 3e) tions in NiCo-P-6/NF can provide abundant active sites for the energy storage. The P 2p peak (Fig. 3f) can be deconvoluted into three peaks, corresponding to P-O (133.9 eV), P 2p 1/2 (129.8 eV) and P 2p 3/2 (128.9 eV), respectively. The P-O should be due to the oxidation of samples after exposure in air. This is also related to the reaction of the precursors with P-O species released by NaH 2 PO 2. The XPS spectra of single metal phosphide (Ni-P/NF and Co-P/NF) are shown in Fig. S5 . In comparison with Ni-P/NF and Co-P/NF, the binding energy of Ni in NiCoP has positive shift, and the binding energy of Co in NiCoP has negative shift, implying the interactive effect of Ni and Co in the binary TMPs. The NiCoP nanowalls on NF have several advantages as supercapacitor electrode: the nanowalls for accommodating the electrolytes, the porous nanosheets for the mass transfer, good conductivity of NiCoP and its intimate contact with NF favorable for the charge transfer. The electrochemical performances of different samples supported on NF were evaluated by cyclic voltammetry (CV), GCD and electrochemical impedance spectroscopy (EIS) in 2 mol L −1 KOH electrolyte. In the three-electrode test, the CV curves were at the potential window of 0-0.6 V. The GCD curves are in 0-0.5 V. The larger voltage window in CV than that in GCD can be explained as follows. In CV, the redox peak will positively shift with the increase of scan rate due to the slow (electrolyte) ion transport at a high scan rate. Therefore, a 0-0.6 V voltage window shows a full redox peak at all scan speeds. In the GCD, the voltage window was based on actual charge and discharge platform (0-0.5 V). The NiCoP supported on NF can be directly used as a free-standing, binder-free working electrode. Fig. 4a shows the CV curve of NiCo-P/NFs samples at a scan rate of 10 mV s −1 . The tests for NiCoOH/NF, Co-P/ NF and Ni-P/NF were also performed as control. All samples show the obvious enclosed area in CV curves, implying the pseudocapacitive characteristics for these samples. All CV curves show two pairs of distinct redox peaks which are assigned to reversible reactions of Co 2+ / Co 3+ and Ni -(5). We can see the largest enclosed area of NiCo-P-6/NF, implying the largest pseudocapacitance of NiCo-P-6/NF. The performance of NiCo-P-6/NF can be further verified by the GCD (Fig. 4b) . The plateau in the charge or discharge curve corresponds to the redox peak in CV curves, illustrating the presence of Faradaic behavior in all electrodes. In the GCD curve, the discharge time is related to the performance of the electrode. The specific capacitance can be calculated based on the charge−discharge curves in accordance with Equation (2). The capacitance of NiCoOH/NF, Ni-P/NF, Co-P/NF, NiCo-P-4/NF, NiCo-P-6/NF and NiCo-P-8/NF are 1,257, 732, 704, 1,528, 1,861 and 1,778 F g
, respectively. By comparison, we can also found that 1) the NiCo-P-6/NF has the longest discharge time (best energy-storage performance) (Fig. 4b) ; 2) the bimetallic compounds, either as NiCoOH or NiCoP, show better performance than the monometal ones.
We further evaluated the electrochemical performance of the NiCo-P-6/NF electrode. The CV curves of NiCo-P-6/NF electrode with wide sweep rates ranging from 5 to 100 mV s −1 are illustrated in Fig. 4c . A couple of redox peaks can be observed in all curves, indicating the pseudocapacitive nature of the work electrode [42] . As the sweep rate increases to 100 mV s −1 , no obvious change is observed in the shapes of CV curves. The oxidation and reduction peaks shift toward higher and lower potentials, respectively, which may result from the increased polarization. The test indicates the good electrochemical reversibility of NiCo-P-6/NF electrodes. The GCD curves were obtained at the current densities ranging from 1 to 10 A g −1 (Fig. 4d) . The capacitance, as high as 1,861, 1,779, 1,666, 1,424 and 1,070 F g −1 at the discharge current density of 1, 2, 3, 5 and 10 A g −1 , respectively, reveals the good capacitance and rate capability of NiCo-P-6/NF electrode. On the other hand, the calculated area specific capacitance of NiCo-P-6/NF electrode is about 17.31 F cm −2 at the current density of 5 mA cm
(the result is calculated and shown in Fig. S6 ), which is better than the values reported for self-supported transition metal-based electrodes (Table S2 ). The electrochemical performances of the NiCoOH/NF precursor, NiCo-P-4/NF, NiCo-P-6/NF, NiCo-P-8/NF, Co-P/NF and Ni-P/NF were also assessed by using a similar three-electrode system. Their specific capacitances are listed in Table S3 . In Fig. 4e , the specific capacitances of all NiCo-P/NF-based samples are much larger than those of single metal ion-based materials (Co-P/NF or Ni-P/NF), which is caused by the synergistic effect of binary metals. The combination of Ni and Co introduces more electroactive sites, and the interaction of their valence electron results in an improved capacitance. Through the regulation of the Ni and Co amount, the NiCo-P-6/NF still shows the best capacitive performance compared with NiCo-P-4/NF, NiCo-P-8/NF, Co-P/NF and Ni-P/NF, because the NiCo-P-6/NF possesses suitable coverage and pore structure, promoting the contact between the exposed active sites and electrolyte. For NiCo-P-6/NF, the initial specific capacitance is still retained 57.5% even at a high current density of 10 A g −1 .
Other electrode of NiCoOH/NF, NiCo-P-8/NF, NiCo-P-4/NF, Co-P/NF and Ni-P/NF could retain 21.2%, 41.1%, 45.8%, 65.5% and 22.4%, respectively. In the NiCo-based samples, the Ni-Co precursor has a severely degraded capacitance at high current density, indicating its poor rate performance. After phosphorization, binary metal compounds have improved rate performance because phosphides have better conductivity than hydroxides. Moreover, we found that, for TMPs, the Co-P/NF has shown the best rate performance and Ni-P/NF is the worst one. [60] , and other TMPs (Table S4 ) and some freestanding metal-based electrodes (Table S2 ). We can conclude that NiCo-P-6/NF inherits the advantages of nanowalls and TMPs (the metalloid characteristics, good conductivity), making it promising for the application in supercapacitors.
The excellent capacitance performance and the rate capability of NiCo-P-6/NF are attributed to good electrical conductivity for the charge transport, and the nanowalls for the easy access and accommodation of electrolytes. The EIS of NiCo-P-6/NF, NiCoOH/NF, Co-P/NF and Ni-P/NF were further tested (Fig. 4f) to study the resistance of the electrodes. From the low frequency region of impedance spectra, the charge transfer resistance (R ct ) of NiCo-P-6/NF is smaller than those of NiCoOH/NF, Co-P/NF and Ni-P/NF, owing to the fast charge transfer behavior of NiCo-P-6/NF electrode during the charge/discharge. Besides, the slope of the straight line for NiCo-P-6/NF is obviously larger than that of NiCoOH/NF, indicating a capacitive behavior because of the dispersion effect. It also suggests that NiCo-P-6/NF has a low diffusion resistance (R w ), which is favorable for the efficient ion diffusion. All of the results verify that NiCo-P-6/NF exhibits better reaction kinetics and lower internal resistance than NiCoOH/NF.
For the application of NiCo-P-6/NF, an asymmetric capacitor was assembled by using NiCo-P-6/NF as the positive electrode and AC as the negative electrode. Fig. 5 shows the electrochemical performance of a NiCo-P-6/ NF||AC ASC. A simple assembly model (Fig. 5a) illustrates the structure of the capacitor. Based on the charge balance of the positive and negative electrodes, the CV curves of AC electrode and NiCo-P-6/NF electrode ( Fig. 5b) were measured in a three-electrode system at 20 mV s −1 . According to the CV curve, the voltage window of the ASC is derived from the combined contribution of the positive and negative voltage windows. The CV curves of the NiCo-P-6/NF||AC ASC (Fig. 5c) show a voltage window of 1.6 V. Fig. 5d shows the CV of NiCoP-6-NF||AC ASC at different scan rates (5-50 mV s −1 ). As the scan rate increases, the shape of the CV curve remains regular but slightly deviates from the rectangle. This is due to a slight imbalance in the charge at a high scan rate. Fig. 6a shows the GCD curve of NiCo-P-6/NF||AC ASC at different current densities (0.5-6 A g
−1
). The almost symmetric GCD curves demonstrate that the NiCo-P-6/NF||AC ASC shows good coulombic efficiency and electrochemical reversibility. The specific capacitance of the NiCo-P-6/NF||AC ASC can be calculated from the discharge curve: 155 F g −1 at 0. (Fig. 6b) . The cycle life test of NiCo-P-6/NF||AC ASC at 5 A g −1 (Fig. 6c) shows that the specific capacity remains 85.6% after continuous charge and discharge for 8,000 times. The inset of Fig. 6c shows that, in the first 10 cycles and the last 10 cycles, GCD curves of NiCo-P-6/NF||AC ASC are almost symmetric, indicating good charge-discharge reversibility. These results prove that the NiCo-P-6/NF||AC ASC has excellent cycle stability. Fig. 6d shows a comparison of the energy density and power density of NiCo-P-6/NF||AC ASC with other reported capacitors [27, 28, 42, [61] [62] [63] [64] [65] [66] . NiCo-P-6/NF||AC ASC is superior to many other nickel-cobalt-based capacitors, regardless of energy density or power density. E and P can be calculated according to the Equations (4) and (5). At a power density of 0.75 kW kg −1 , the energy density of NiCo-P-6/NF||AC ASC is up to 44.9 W h kg −1 .
The power density can reach 4.5 kW kg −1 at a large power density of 20.37 kW kg −1 . The photographs show that an ASC can drive small fans and digital electronic watches ( Fig. 6e and 6f) . Two ASCs in series can trigger LED lights ( Fig. 6g ) and keep lighting up white LED for more than 2 h (Fig. S7) . All of the above tests indicate that the NiCo-P-6/NF||AC ASC is potential for the practical application in the electrochemical energy storage.
CONCLUSION
We have demonstrated a NaAc-assisted (F-free) process toward porous CoNi-P nanowalls with high loading supported on NFs. The electrode combined advantages of Figure 6 Electrochemical performances of the NiCo-P-6/NF||AC ASC: (a) GCD curves of the ASC collected at various current densities; (b) the specific capacitances at different current densities; (c) cycling performance of the ASC at 5 A g −1 ; (d) Ragone plots of the NiCo-P-6/NF||AC and reported Ni or Co-based ASC; the fully charged ASC operates an electric motor fan (e), digital electronic (f) and red, yellow, blue and green LED (g).
pores beneficial for the ion transport (the decrease of diffusion impedance), the nanowalls for effective accommodation of electrolytes and good conductivity of TMPs for the decrease of ohmic resistance, which improves the energy-storage performance. Our results show that the NiCo-P/NF is suitable for the electrodes with high-area (17.31 F cm −2 , 5 mA cm −2 ) and mass capacitance (1,861 F g −1 , 1 A g −1 ). The ASC composed of NiCo-P/NF as a positive electrode and AC as a negative electrode exhibits a high energy density and good stability. The ASC can drive some small devices, such as electronic watches, different color LED lamps and fans.
